INTRODUCTION
Wireless communication has been considered as one of the high-tech industries in the world [1] . The common objective of wireless communication system is to provide higher transmission capacity with better flexibility and lower cost. On the other hand, it is also gradually realized that the limitations of existing and upcoming systems in integrated optimization of radio resource utilization, and still, cannot be a good solution to resolve the conflict between the limited radio resources and the rapidly growing service needs. Moreover, their bottleneck problems increase prominently caused by these limitations [2] .
The root of the problem is that the framework of traditional wireless communication systems is primarily based on the independent optimization of radio resource and has gradually been limited by the law of "diminishing returns" [3] . Multi domain collaboration can be regarded as a systematic approach to solve this issue, which is under study supported by the National Basic Research Program in China (973) started in 2007 [4] . This project focuses on the development need of the National Major project 'New Generation Broadband Wireless Communication Network' and the key application of broadband wireless communication, studying the integrated approach collaboratively using multi-domain of space, frequency, time, power and terminals, and thus exploring fundamental theory to enhance the efficiency of spectrum resource while realizing the innovations on broadband wireless communication system and key techniques.
From a broader and higher perspective, multi-domain is utilized to create the Degrees of Freedom (DoF), and collaboration is adopted to exploit the benefit of new DoF [5] . In order to achieve this goal, exploring of the new architecture and research framework of wireless communications system is of primary importance. In this paper, we provide the architecture of wireless communications system with multi domain collaboration. The rest of this paper is organized as follows. Section II shows the essential idea of multi-domain collaboration. Section III provides a general architecture and research framework of wireless communications system with multi-domain collaboration. Key technologies to improve the transmission capacity of wireless communications system under the general research framework are addressed in Section IV. Finally, we conclude the paper in Section V.
II. MUTI-DoMAIN COLLABORATION

A. Multi-Domain
First, let us look at the major four domains in multi-domain collaboration, that is, the service domain, the entity domain, the resource domain and the user domain ( Figure 2 ). The service domain refers to data, images, video, voice and web, etc. The entity domain refers to the network and communication terminals of our everyday use. The resource domain constitutes space, time, frequency and power, etc. And user domain mainly indicates the user's behavior. Each domain has its own literature to discuss its characteristics and applications. Multi domain collaboration is dedicated at exploiting the relationship among the domains to improve the transmission capacity while achieving innovations in wireless communication. 
B. Essential of Multi-Domain Collaboration
The proposition of multi-domain collaboration is initially inspired by MIMO transmission scheme. Under suitable channel fading conditions, having both multiple transmit and multiple receive antennas provides an additional spatial dimension for communication and yields a Degrees of Freedom (DoF) gain [6] . These additional DoF can be exploited by spatially multiplexing several data streams onto the MIMO channel. For a MIMO system with N antennas, the additional DoF lead to an N-fold increase in the transmission capacity shown in Eq. (1), which is an enormous development to the concept of traditional Shannon capacity.
(1) C can be defined as the system capacity. The evolution of MIMO transmission scheme reveals that through increasing the DoF available for communication can open a door for substantial improvement of system performance.
Furthermore, on the basis of antenna coordination in MIMO system, we introduce multi-domain collaboration, which is the integrated approach collaboratively using multi domain of space, frequency, time, power and terminals as shown in the above subsection, and thus increase the capacity gain dramatically. We can reformulate the equation as (2) where N is the capacity gain, and we define it as the DoF achieved by multi-domain collaboration. The essential idea of multi-domain collaboration can be characterized, where multi domain is utilized to create the DoF from various domains and collaboration is adopted to exploit the benefit of new DoF.
III. ARCHITECTURE OF WIRELESS COMMUNICATION SYSTEM WITH MULTI-DOMAIN COLLABORATION
The system architecture, which relates to the network structure, the transmission schemes and the communication protocols, is accountable for the system usage of power, frequency, space, time and other resources distribution. Thus it is critical for multi-domain collaboration study.
A. System Architecture with Moti-Domain Collaboration Figure 2 gives a general architecture of wireless communications system with multi-domain collaboration. Our pushed services are decided on the demand of users. The services and resources are allocated by means of reasonable allocation schemes. Subsequently, they are sent through channel and network to reach the terminal. The transmission performance has a direct impact to the service that can be pushed. Overall, the above process forms a closed loop of the proposed architecture. The service domains, entity domain, resource domain, user domain, mentioned above, are all included in the loop.
Specifically, this architecture consists of the corresponding physical and logical frameworks. Physical framework concentrates on describing system hardware, network structure and transmission mechanism, while logical framework focuses on communication protocols and software of wireless systems. In particular, physical framework implements topology designing and network planning according to different networks. It also does the functional design of network and user's hardware, including base stations, switching units, wireless access points, relays, core network, user terminals, etc. By carrying out the operations above, the practical system topology and connections are composed. Also, the logical framework designs network and user's protocols of the system and defines functions of software according to different networks. Firstly, the corresponding protocol stack is defmed, based on which analysis and design of the protocols are done. Especially, among those protocols, control and management planes are responsible for keeping wireless networks controllable at all times. Then, the focus is on designing the corresponding implementation models of signaling in wireless communications system with multi-domain collaboration. Finally, the definition and description of network and user's software functions are done according to the protocols.
B. Research Framework
Applying architecture of wireless communications system with multi-domain collaboration has a main goal: to boost the spectral efficiency and meet the system user capacity requirements effectively. The research framework is shown in Figure 3 . Firstly, DoF is created from both the physical and logical frameworks. Secondly, these DoF are utilized in various levels by means of network reconfiguration. Then the searching for one or more optimal or sub-optimal structure is done to realize collaboration between different DoF in order to increase capacity greatly. After realizing the collaboration under the new system structure, we can further discover other new DoF, thus the above steps will recycle. The nodes and their connection relationship shown in Figure 2 are the key factors that influence the DoF in the architecture of wireless communications system with multi domain collaboration. We will illustrate the idea of the DoF from the following three perspectives. a) Link: At link level, the ultimate goal of transmission design is to fully utilize the DoF of the channel, which can be defined as the dimension of the received signal [7] . Take modulation technology as an example. BPSK modulation utilizes only the real dimension (the I channel), while in QPSK (quadrature phase-shift-keying) modulation, an extra bit can be transmitted and both the I and Q channels are used simultaneously, increasing spectral efficiency. b) Multiuser: Take interference channel as an example. For the fully connected K user wireless interference channel, recent results based on the idea of interference alignment [8] have shown the sum capacity is characterized as K C (SNR) =-log (SNR) +o (log (SNR)) . Thus, the K user 2 time-varying interference channel almost surely has K / 2 DoF which means even with K users competing to access the same wireless medium, it is possible for each user to communicate, free from interference, for a fraction 1/ 2 of the resource. Interference alignment is in effect a method to exploit the DoF already exist in the system. c) Ne twork: From frequency reuse to cellular design, from TDMA, FDMA, to CDMA, OFDM, what we do is actually discover or create new network DoF and then find a way to fully exploit the freedom in the context of proper interference management and multiple accesses.
There are still many other DoF can be discovered in the system architecture shown in Figure 2 and further research is shown in Section IV.
2) Reconfiguration Technology
Reconfiguration technology refers to the process of adjustment and reconstruction of the system organization in different granularity. Altering the physical structure involves a high price, so the focus is mainly on logical reconfiguration. While, the logical reconfiguration technology is the re adjustment and reconfiguration of the resource allocation scheme of time, frequency, space, power, entities and their connection relationship based on a certain physical structure. The ultimate goal of reconfiguration is to make full use of all kinds of DoF to improve the transmission capacity. Detailed illustration will be shown in Section IV.
3) Collaboration
Collaboration can be realized among different entities. For instance, the manager of a department has arranged employee A to complete three tasks, i.e. typing, drawing and composing the music, with reward bonus 1,000 RMB for each task carried out. Similarly, employee B and C also have been arranged to accomplish the three same kinds of tasks with the same reward bonus standard. However, employee A is good at typing, but know nothing about drawing or music composition; graduated from school of fme arts, employee B is excellent in drawing and painting, but not in typing and music composition; employee C has been learning music since childhood, and music composing is one of his specialties, but not drawing and typing. If these three employees complete their own tasks by oneself, the result is, each employee is only able to complete just one of their tasks which they are good at, thus obtain only 1,000 RMB respectively. In contrast, if these three employees can collaborate with each other, i.e. employee A completes the typing task and assists employee B and C to carry out their task simultaneously. After completing his drawing task, employee B also helps the two accomplish drawing task. Likewise, composing tasks of employee A and B are completed by the support of employee C. As the result of this collaboration, everyone is awarded up to 3,000 RMB .
In Figure 2 , there exist many kinds of DoF that must be collaborated with each others. Collaboration technology is adopted to exploit the benefit of such DoF.
IV. KEY TECHNOLOGIES AND PERFORMANCE EVALUATION
In this section, key technologies of Cellular Controlled Short Range Communications and Delay Tolerant Networking Combining Node Mobility are addressed to introduce our current research on logic reconfiguration.
A. Cellular Controlled Short Distance Communications
The core idea of traditional cellular mobile communications is to divide the covered region into several small cells, and set up a Base Station (BS) in each ceJl, in which Mobile Stations (MSs) and BS establish full-duplex wireless communication to complete the wireless access. Communications between the MSs are achieved only through and by the control of BS, while, the Quality of Service (QoS) can be guaranteed, but its deployment is not flexible enough [9] . In contrast, short distance communications is a direct communication method between MSs, which do not need to get through central node [10] . [11] . The power spectral density of A WON noise is -I35dB ·mW/Hz . Assume the transmit power from MS to BS, BS to MS (being averaged to per user), and MS to MS is 200mW. As shown in Figure 5 , compared with the traditional cellular mobile communications, the bandwidth consumption can be decreased by 90% in case of the distance between MSs is 50% of that between MS and BS by introducing DoF in spatial domain. Then, we introduce another new DoF in service domain. Then, the traditional star topology is reconfigured to short distance unicast plus multicast topology. As shown in Figure 6 , we provide an overlapped logical structure with conventional communication, point to point direct communication and point to multi-point direct communication according to the position of MSs and the type of services. In Figure 6 , MSs with the same color have the same service demand.
. .. Then we assume that there are N items needed by MSs in the cell and each item is already in one of the MSs. The N items have the same length. The achieved data rate between any two MSs is the same. The access frequency for each item is F: and [1;, Pz, ... , PN] is sorted descending. When the first n items are multicast by one of the MSs, the required bandwidth ratio is (n + � P n ) / ( * P n ) . For example, if 5 items are accessed by MSs, and the access number for each item is set to 64, 16, 8, 4 and 2. Figure 7 shows that, when 20% of the hot items are multicast by one of the MSs, the bandwidth consumption by introducing DoF in spatial and service domains will further decrease to about 30% of that by introducing DoF in spatial domain.
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B. Delay Tolerant Networking Combining Node Mobility
Delay Tolerant Networking (DTN) is a new type of network infrastructure [12] . It deals with data transmission situations with large and indefmite end-to-end delays. Furthermore, the end-to-end connections from may be intermittent, and the link statuses often do not have guarantees. These delay and disruptions can lead to system performance degradation, and conventional chatty networking protocols do not work well under these intermittent link environments. Notice that one cause of delay in DTN is node mobility, which makes the network architecture time-variant. This includes the mobility of source, relay and destination nodes. Nevertheless, node mobility can bring advantage to system performance if used properly. For example, it can extend communication range by letting nodes carry the message. Also by opportunistic routing at relay nodes, the system resource consumption can be reduced. Our goal is to fully utilize the advantages of DTN and node mobility to exploit the possible DoF. DTN combining node mobility forms new logical network architecture. This architecture utilizes potential node motions to lower the resource consumption and boost system capacity. The basic idea is to use the "store, carry and forward" mechanism in DTN, letting a relay node aid the propagation of data when distance is relatively long between source and destination. The example system we illustrate next shows the utilization of spatial and delay tolerance DoF specifically. Figure 8 shows a conventional DTN system. When a user requires some service and the nearby BS I does not have it, the adjacent BS2 needs to send it to the user. Since the distance between BS2 and the user is rather long due to the sparse distribution of BSs, the link has poorer quality and more intermittent connectivity. Therefore, the resource consumption needed for successful transmission is large; the transmission delay is large, thereby achieving a quite low system capacity. We now introduce two DoF into the system. The difference of systems from Figure 9 to Figure 8 is utilizing another user' s mobility. This user RI serves as a relay node between BS2 and the destination user, and it moves from BS2's nearby range to BS 1 's nearby range after the destination user requires the service. BS2 needs to be aware of RI 's mobility model, so it knows it need to send the data to Rl and when to send it. Rl stores the data, carries it through the motion, and forwards it onto the destination user. Notice that Rl does the job in a "store, carry and forward" manner. Here it first brings the spatial DoF, which is induced by mobility of the relay node. A long-distance data transmission is replaced with two stages of short-distance data transmission and a carrying of data by the relay node. So the distance of communication links are shortened significantly, thereby the spectrum and power efficiencies are improved significantly. In the meantime, it introduces the delay tolerant DoF. By replacing the transmission delay with motion (data carrying) delay, the problem with poor link quality and intermittent connectivity is solved, and more resources could be saved and be used on other users and services, potentially increasing system capacity. Note that this relies on the inherent delay tolerance of services. We consider a two cell case with several destination users for performance evaluation. The distance between each destination user and BS2 is 3km, and the distance between the relay node RJ and BS2 is 300m. A COST-WI propagation model is adopted with path loss indicated as L(d) = 7.17 +26.010gl O d , where d is distance in meters [11] .
The power spectral density of A WGN noise is -135dB ·mW/Hz . Assume the transmit power from BS2 to all users is 200mW. We only consider the bandwidth consumption from base station to relay node. As shown in Figure 10 , the bandwidth consumption can be decreased by 70% in case of the percentage of destination users being aided by moving relay nodes increases from 10% to 30%.
